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GENERALINTRODUCTIDN 

One of the important mechanical properties of mass produced 

plain carbon steels is their ductility. There are many parame ters of 

ductility which are evaluated by tensile testing at room tempe ratures. 

Some of the more commonly used parameters in industrial spe cifications 

are: 

1. 

c.. 

3. 

uniform elongation; the total extension from the b eginning of 

deformation to the strain giving the ultimate tensile strength 

(U. T.S. ). (This is also t ermed uniform extension. T he latter 

is used in the present work.) 

after the tensile fracture, at the center of the neck. 

total elongation; the total extension to fracture divided by the 

initial gauge length. This includes the uniform extension plus 

the local extension of the neck from the U. T. S. to fr acture. 

The hydrostatic pressure applied during uniaxia l tension plays an 

important role on th e ductility. Dieter(l
7

) and Rogers ( 
67

) cited its effect 

on the uniform extension is n egligible. On the oth e r hand, the reduction of 

area and the total elongation are very sensitive to the hydrostatic pressure 
. (11) . (15) . {17) {67) 

according to Bridgman , Davidson and Ansell , D1eter and Rogers . 

The effect of hydrostatic pressure on the parameters of ductility measuring 

the strain at the neck r egion, like r eduction of area and total elongation, 

indicates the significant role of voids in these ductility parameters. Thus, 

extensive studies on behavior of voids ar e required for understanding these 
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ductility parameters, in addition to studies on other features of plastic / 

deformation, such as work hardening. 

Uniform extension is used as the ductility parameter in the present 

study because of its relative insensitivity to the shape and size of tensile 

sample, its ability to be analyzed with the current l evel of knowledge, and 

its importance to industry. 

The behaviour of voids may not be able to change the overall stress 
( 67) 

of the uniaxial tensile stress system , not local stress, except at the onset 

of necking. 

Pass ible directions for the investigation of uniform ductility are 

e ither through microscopic studies of voids, which are very difficult to 

relate to tensile testing except with one model of McClintock(S
3

), or through 

the extensive work done on plastic deformation. Due to complexity and lack 

of theor etical analysis, the latter direction is taken in the present study 

analysis given in Appendix I, the uniform ductility becomes equal to the w ork 

harde ning coefficient, if the sample obeys a parabolic true stress -true strain 

relation. 

Plain high carbon steels with carbon ranging from . 78 wt. o/o to 

• 9 5 wt. o/o and . with the structures e ither lamellar or spher oidized, were 

examined . Armco iron was also examined for comparison as a single phase 

polycrystalline material. Ferrite spacing between cementite plates in a 

pearlite colony of the lamellar steel, and the ferrite spacing between 

cementite particle s located at the grain boundary for spheroidized steels, 

were taken as th e significant microstructural parameters. From now on 

these will be called the ferrite mean fr ee path and b e abbreviated as F. M. F. P .. 

Scanning and transmission electron microscopes were used to determine the 

microstructural parameter for l a mellar steels. Optical micros copy was 

used for spheroidized steels. The tensile testing was carried out on the 

samples after h eat tr eatment and electropolishing . 
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A Hall- Fetch relation wa s found to be valid for the yi e ld strength 

and flow stress . The uniform ductility was formulat e d as a function of 

reciprocal flow stress and found to fit the experimental data obtained. 

Optical, scanning and transmission electron micros copy . w.ar e 

used to examin e the structure in samples strained to the limit of unif orm 

extension. Results of submicrostructural observations were used to 

interpret the uniform ductility. 
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PART I - LITERATURE REVIEW 

No physical interpretation of the uniform ducti lity is given yet. 

The literature review is directed so that one can interp ret the dependence 

of the uniform ductility on the microstructure. It is b ased on studies of 

the 

1. initiation of voids in steels 

2. effect of microstructure on the work ha r dening in low and 

high carbon steels 

3. available experimental studies on the etle ct o! microstructure 

on uniform ductility. 



CHAPTER 1 

INITIATION OF VOIDS IN STEELS 

1. 1 E xperimental Studies on Void Initiation 

It . . 11 d( 17' 6 7' 6 9) h . d f . . . h 1S genera y agree t at vo1 ormation m two p ase 

materials occurs by fracture of the interface or fracture of hard phase 

particles. In the Cu-SiO system, Palmer et a1(
59

• bO) used transmission 
2 

e l ectron micros copy to detect small voids of . 015 f" diam eter formed at the 

interface of Si0
2 

particles when th e sample was d eformed in tension by a 

small plastic strain. When the strain increased, the voids e longated in a 

direction parallel to the tensile axi::; . Thi::; re::;uH c an be unuer stooJ l"l' v !.Tl 

elastic analysis well revi ewe d by Mogford(S
7

) and Gurland and Plateau(Z9 ), 
. ( 4 ) 

and from A s hby's ana lys1s . Th e essential results of elastic analysis is 

that when a sph e rical particle of high ela stic modulus is embedded in the 

matrix of low elasti c modulus, a maximum tensile stress parallel to the 

applied tensile axis occurs at the interface intersected by a line running through 

the center of the particle and parallel to the tensile axis . On the other hand, 

when a void which can be taken as zero elastic modulus is embedded in the 

matrix a maxinmm tensile stress parallel to the applied t ensile axis occurs 

at th e interface cut by a line drawn through the center of the particle and 

perp endicular to the tensile axis . 

Russian w orkers(
3

S ) stated that voids were observe d in a r egion of 

high dislocation density even when there were no hard particles . However, 
. ( 67} 

their t e chnique of detection is not clear to the autho r. Rogerr; also 

beli eved that voids could be nucleated in a tangle d structure of dislocations 

5 
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in single phase materials. In such a case, the tangled dis location structure 

might generate a very high local stress which is difficult to analyze _ 

theoretically. 

The increase of volume due to voids formed at plastic strains 

less ;han the uniform extension is negligible(b?)' although it depends on 

volume fraction of the second phase and the plastic strain, according to 

Palmer etal(bO). 

1. 2 Theoretical Studies of Void Initiation 

(a) Ashby's Theory 

Ashby( 
4

) analyzed the problem of inhomogeneous plastic deformation 

in terms of the behavior of dislocations. His physical model can be interpreted 

as follows: assume that an isotropic hard particle is embedded in a soft 

isotropic matrix, which is in uniaxial tension, as in Fig. 1. Referring to this 

figure, Ashby expected dislocations on the primary slip system in x-y coordinates, 

making 45° to x' -y' coordinates, to move a long distance and carry the main 

part of plastic strain. When they pile up against the hard particle, a high 

local stress is produc e d in and around the particle. This may produce new 

prismatic dislocation loops (vacancy type along y' axis and interstitial type 

along x' axis) on a secondary slip system. If n prismatic dislocations 

are spaced evenly in a distance X. along the y' axis 

n 
():" rj.. 
ten. 

y. r 
(1) 

2bX. 

where 

Gten . : 
tensile stress at the interface, which nucleates subsequent 

2r 

b 

vacancy t ype dis locations along the Y' axis 

p lastic strain on primary slip planes 

diameter of hard particle 

Burgers vector of the prismatic dis locations 



This predicts a higher t ens i lc stress at the interface when 

1. n . increas e s, due to increas e d plastic strain, 

2. particle diarneter increases or 

3. A, which for a fir s t approximation is equal to half the 

inte rpar ticle spacing, d e cr eases. 

7 

When the U, , which cannot be re laxe d by n ucleation of prismatic 
ten. 

dislocations be comes high e n ough, it n'la y be r e laxe d by other means . If 

the particle-matr ix interface is weak, a cavity may nucleate in the interfac e 

a long the Y' axis in Fig . 1. 

On e of the unanswered prob l ems in this model is how th e pile-up 

of dis locations is to be built up a t the plastically non-deformable particle 

to support s uffici ent (I' to fractur e the interface . 
t en. 

(b) Gur]and and Pla t eau ' s Th e ory 

(29 ) . 
Gur land and Plateau d emonstrated that a b r 1ttle crack expressed 

by a Griffit h type equation was a va lid model for void nucleation in a two 

phase mater ial. Cons ide ration o£ t he geon1etrical change of e lliptical voids 

could g iv e a formulation of fracture strain as a function of volume fraction of 

second phase particles . The y cited that the latt e r could explain experimental 

re sults of Ede lson and Baldwin(
2

0 ), who showed both work hardening coefficient 

a n d reduction of area we re a simple function of volume f raction of second 

phase particles , no matter what were the i r rigidities an d sizes . 

Gurland and Platea)
29

) ass ume d that stress i n a spherica l hard 

p article embedded in a soft matrix was higher by a concentration factor, q 

over the applie d str ess, without any detailed physical argument. I:f the 

fracture take s place in the h a rd particle and the interface is strong a 

s imple energy criterion can b e applied. 

l.9._ a·} 2·n:.. 3 . h d t · , Wh en elastically stored energy E 
3 

r 1n a a r par 1c1e 

equals the energy r e quired to cr eate new surfaces, 2 1t y r
2

, t h e fo llowing 
s 
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equation becomes valid, 

( q ()) 2 
_zit, r3 2 

= 2 n:..y r 
E 3 s 

(2) 

1 
3Ey 

. )1/2 CJ = . ( s 
q r 

(3) 

where 

Cf: appli ed tensile stress 

E : Young ' s modulus of the particle 

r: radius of particle 

y : s urfac e energy of cracke d particle 
s 

2 12 2 -4 
If y = 1000 ergs /em , E = 10 dynes / em , r = . 5 x 10 em and q = 2. 0, 

s 
it predicts that the fracture of cementite occurs when the applie d stress 

'") 

b ecomes 45 x lOJ psi. A crack formed in such fashion may run a eros s 

the particle instantly but may stop as the stress concentration at the crack 

tip may be readily relaxed by plastic deformation in the soft matrix . 

One of the greatest problems in this simple th eory is th e assumed 

stress concentration factor, q. It may be difficult to estimate q accurate ly 

for the plastic case . 

1. 3 Plastic Deformation and Fracture of C ementite 

(a ) Crystallographic Structure and Dislocations in Cementite 

The crystallographic structure of cementite is well reviewed by 
(6) ' ( 36 ) 

by Barrett and Massalski and Hume-Rotnery . It is orthoromic with 
0 0 0 

a = 4 . 514A, b = 5. 080.A, and c = 6. 734A. Each carbon atom has six Fe atom 

neighbours and is located at the center of an O ctahedra , i f the structure is 

taken as chains of six Fe atoms projected on the x-y plane. T he c axis 
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corr esponds to the z axis in cartesian coordinates, a s analyzed by Maurer 
. (52) 

and Warrmgton • From examination of the x-y plane projection of chains 

of Fe atoms, Maurer and Warrington proposed the existence of a partial 

dislocation with Burgers vector 1/2 < 111) , which was treated as a type 

of Lamer-Cottr e ll s e ssile dislocation. They us e d this type of dislocation 

to expl a in the hi gh dislocation density observed in their experiments on 

ceme ntite. Th ey also showed that possible types of Burgers vector of 

dislocations in cementite were (100 ) , ( 010) , ( 001 J and ( 111), and a 

possible slip plane was the { 100 ~ plane(
3

). 

By studying a low carbon ste e l and a sph e roidized 1095 steel deformed 

at 700°C, Keh(
4

l ) showed dislocations with Burge rs vector ( 100) moved on 

{001) planes. He also recognized that the cementite containe d stacking faults 
. ( 4 1) 

on (001) planes . The dislocation d ensity in cementite in both low and 

spheroidized high ca r bon stee ls deformed at room temperature was negligible, 

. . . . . ,_. '. ~ . ' ( 41) ~· ~ . ~ . .. comparee to l:ho::;e 1n cne sur :cuunll.u1g l.el-rl.l:e • .1.11e .~. .r a....:~.u.ce u1. ~cnlcil;;l..;e .tS 

thought to occur by cleava ge on (100) planes with very little prior plastic 

deformation ( 
41

). 

{b) Mechanical Properties of Cementite 

Young's modulus of cementite is reported to be 25 .x 10
6 

psi approx

imately(?S), which is almost the same as the value for fer r ite. The yield 

str ength of cementite is thought to be 2 x 10
6 

psi(
46

), which is 100 times 

larger than that for ferrite. From this strength data, it can be assumed that 

the c ementite deforms up to six percent elastically, if the s urrounding soft 
. (78) . (62) . (13) 

m atr ix can support such a h1 gh stress . Puthck , Butcher and Petht , 

Embury and Fisher's ( 
21

) suggestion that the cementite deform ed plastically 

in room temperature deformation of steels should be noted here. 



CHAPTER 2 

PLASTIC DEFORMATION OF PLAIN CARBON STEELS 

2. 1 Plastic D eformation of Low Carbon Stee ls 

Experimental Observations 

A typical process of plasti c deformation at srnall strains is the 

collection of dislocations into clusters. These eventually become c ell 

t 
. (10, 18,56) 

walls with inc reasing s ra1n • During this process, experirnenta l 

r esults showed( 8 , 23 ) 

where 

\)' == r.-. + £1 \Ji d.Gb . J Pav 

flow stress at which the average dis loc ation density, 

was measured 

Ct-: frictiona l stress 
1 

\:f..: experimental constant expressin g the efficiency of 

strengthening by dislocations 

( 4 ) 

d ...1 d d d h . . ( 18 ) h 1 ff f I£ Cf: an "' o not epen on t e gra1n s1ze , t e on y e ect o grain 
1 

size on the flo w stress at small strains, say l ess than lOo/o occurs through D !av · 
. ( 4 0) . ( 18 ) . ( 2 3 ) 

Keh and W1ssman , D1ngl ey and McLean , Evans and Rawhngs 

showed that mobile dislocations combine with irnmobile dislocations to build 

up the tangled dis location structures . During the formation of the tangled 

structure some dis location a nnihilation has to be expected( ?l). Thus the 

(.) m.ay not equal 
lav 

the tota l dis location density, p 

10 
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Experimentally, the Hall-Fetch type relation for low carbon steel 

(2) (3) {2) 
has been proposed by Armstrong et al and Armstrong . They showed 

that the Hall- Petch relation is not only valid for small strains but also for 

large strains, where the cell 

was an attempt to corr e late 

walls sub- divide the original grains. There 

0 with the sub cell size by Holt( 
32

). He 
lav 

predicted th e cell size proportional to reciprocal square root of dislocation 

density. Substituting the sub cell size to the experimental relation given 

· by equation (4), as he did, gives an expression that the flow stress is 
{45) 

proportional to reciprocal sub cell size. Langford and Cohen showed 

experimentally that the flow stress is proportional to the reciprocal sub cell 

size. Th e y controlled the sub cell size by heavy deformation given by swaging. 

Their result seems to agree withHolt' s prediction. However Embury and 
. {21) (22) . 

F1 sher , and Embury et al gave the Hall-' Petch relation for the sub cell 

size, whose experiment was done prior to Langfor d and Cohen's. The 

later results contradict Holt 's pr e diction. As there is no evidence that the 

accumulated dislocations can only be accommodated by decreasing the sub 

cell size , which indicat e s they can a lso be accommodated by increasing the 

misorientation angle, it may yet be difficult to conclude that Holt's prediction 

is valid. 

2. 2 Experi1nental Observations of High Carbon Steels 

(a) Effect of Microstructures on Strength 
(26) 

About 30 y ears ago G ensemer et al studied the effect of 

microstructure on the lower yield stress of a wide variety of steels; low 

carbon, high carbon, lamellar and spheroidized, and showed that the yield 

stress was inversely proportional to the mean ferrite si ze using a logarithmic 

scale; where the mean ferr ite size is the mean uninterrupted straight line 

through the ferrite for the spheroidized steels and mean interlamellar spacing 
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for the lamellar steels. Their results were confirmed later by Roberts 

et a1( 6 S) and Turkalo and Low( 77 >. 
Hyam and Nutting(

37
) studied the effect of microstructure of 

spheroidized steels on the Vickers hardness and found that the hardness 

depended on the m ean ferrite grain. diameter. Letting the Vickers hardness 

represent a parameter of flow stress, their results also show that the flow 

stress is governed by the mean ferrite grain diameter. 

(b) X-ray Studies 
. ( 78) . 

Wilson and Konnan measured lattice strains in cementite by 

determining the change in Bragg angle. Although some doubts in their 

results still remain, one of the important suggestions is that in spheroidized 

high carbon steels, elas tic stress at the cementite and ferrite matrix was 

built up rapidly with strain in the first several percent of strain and reaches 

saturation. In the cementite particle, a tensile stress was builL up in Ll1e 

applied tensile direction, which was counterbalanced by a compr essive stress 

in the adjacent ferrite matrix. In the direction perpendicular to the applied 

tension, a compressive stress was formed in the cementite particle and a 

tensile stress in the adja c ent ferrite. Since the work hardening in ferrite is 

produced by dis location interactions , well tangled dislocation structures might 

be formed at the c ementite particle . It could be expected that nucleation of a 

large number of dislocations occurs in such highly stressed regions . These 

will carry the local plastic strain which contributes to subsequent work 

hardening, and reduces the stress concentration at the particles. 

2. 3 Theoretical Studies of Two-Phase Materials 

(a) Classical Theories 

There are three principal classical the ories. They are those propose · 
(34) (34) . (24) 

by 1) Mott and Nabarro , 2) Orowan , and 3) Fisher, Hart and Pry • 
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Essenti a l feature of .Matt an d Nabarro ' s th 'ory( 
34

) is that wh en 

a dis location is moving through the fares t of hard c he rent preci pitates, 

the stress requ ired to pass through them depends on the critical radius of 

curvature of the dis location . 

Orowan ' s theory proposed that when a disl ocation moves through t he 

forest of particles, the dislocation line bulging betWt' Cn the p a rticles leaves 

a dis location loop around t h e particle . The pr edicte i yield stress is inver s e ly 

proport i onal to the particle spacing. 
( 24 ) 

Fisher, Hart and Pry extended O rowan' s model. They propos e d 

that strengthening by the particles was also due to the back stress fr om 

dis location loops accumulated around the particles . 

None of these theor i es is directly applicabl' to the case of spheroidize d 

steels , in which coars e spheroidized particles are a t~ the grain boundar i e s. 

A nislnr;=d~inn mnvi n£:: thrnneh thP. Darti.c l e or around i1- tPc-min;~tPs ::lt thP. 

boundary. 

(b) Ashby's Theory 

( 5 ) d h f 1 Recently Ashby propos e a t eory . or p :\s tic deformation of two-phase 

materials. Essential features of his theory are tha · ~t rigid second phase 

particle does not deform during plastic deformation. 

For continuity of the material near the rigi l particle-matrix interface, 

extra strain is necess ary. This extra strain is suppLied by introducing extra 

dislocations termed 'geometrically ne ces sary dislocn tions 11 after Cottrell(l4 ), 

which may be prismatic loops of interstitial or vacaltcy type, as is illustrated 

in Fig. l. From a Burger's circuit construction for a particular slip system 

of the soft m.atrix near the rigid particle, he derived the density of 

11 geometrica lly necessary dis location 11
, {b to be inversely proportional t o 

the spacing between the particles. This argument w :,s extended to lamellar 

structure of rigid and soft phases and h e arrived at'" similar expression 
2yA (8= bt- ( 5) 
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where 

y: shear strain 

b: Burger's vector 

A.: spacing of rigid phase 

A : numerical constant 

It is valid to let {6 = Pav for small strains (which is the case of 

Ashby's " one parameter work hardening theory") and to utilize e quation ( 4 ), 

which then gives a Hall- Petch type expres sian for the flow stress , r.-v£1 

Cfl = (f" + \}.. G I 2by A . 
1 

1 
( 6) 

In equation ( 6 ), it is assumed that no slip and no fracture occur a t the particle 

interface and that no interaction occurs between the two types of dislocations, 

"geometrically necessary" and " statistically necessary", where the latter is 

the term used for dis locations which accumulate during plas tic deformation 

of a pure single crystal. The numerical constant in the equation (6) is one 

forlamellar structure and may be three for spherical particles and eight for 

equiaxed particles. The equation (6) predicts that the Hall-Petch slope 

may be higher in spheroidized steels. Here it may be valid to assume that the 

F. M. F. P. is equal to the spacing of rigid particles (inter-particle spacing). 



CHAPTER 3 

EFFECT OF MICROSTRUCTURE ON WORK HARDENING COEFFICIENT 

3.1 Experimental Studies 

(a} Stress -Strain Relation 

For steels, the true stress -true strain curve can be expressed by 

a parabolic equation when the applicable strain range is limited. Morrison(S8 ) 
(44) 

and Kleemola , for example, showed that the applicable strain range 

was from e = • 08 to the onset of necking for low carbon steels. For high 

b 1 1 11 ( 2 6 ) d h . d . d( 2 6' 7 8 ) . car on stee s, arne ar an sp ero1 1ze a parabohc stress 

st:;:~in. rcl~ticnship \vas c:cnfirmed i~ a 

strain to the onset of necking. 

(b) Low Carbon Steels 
. (58) . 

Morr1s on proposed gra1n size as the significant microstructural 

parameter for the work hard ening coefficient in low carbon steel and showed 

that the larger the grain size, the larger was the work hardening coefficient. 

To a first approxima tion, the work hardening coefficient is equal to the uniform 

t · ( 7 ' l9} tl" d · A d" I S t· "d . . . ex ens 1on , a s ou 1ne 1n ppen lX • uppor 1ng ev1 ence 1s g1ven m 
. (18} 

D1ngley and McLean's paper . On the other hand, there are a few papers 

stating there is no effect of grain size on the uniform extension. For example, 

Gladman et a1(
28

) cited that the maxinllim uniform extension, defined by a 

method similar to the inter section method given in Appendix I, was not 

influenced by grain size. Th e ir maximum uniform extension wa s determined 
-1 

by assuming the work hardening rate (dO/de) is a linear function of € and 

not assuming the parabolic cr.- - £ r e lation which was the case in Morrison•s 
true 

15 
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. (58) 
experiments • 

Another contradicting experiment was that by Kleemola ( 
44

). 

He studied the effect of microstructure on mechanical properties of low 

carbon steels, a half of which contained . 05o/oC, lo/o Cu and lo/o Ni. He found 

no effect of ferr ite grain size on the work hardening coefficient. However , 

his microstructure was not well controlled as it was in Morrison(SS)' 

. D. 1 d M L I ( 
18 ) . F 1 1 b and Ing ey an c ean s experiments . or p ain ow car on steel, 

he deformed by hot rolling and followed by ai r cooling, where the finishing 

temperatures were lower than the A
3 

temperature. For alloyed low carbon 

steel, he aged it at 500°C for 80 mins . In his experiments, what was actually 

governing the work hardening coefficient was not necessarily the ferrite 

grain size but might have been the sub c ell size in plain low carbon steel and 

the interparticle spacing in alloyed low carbon steels . Additional comprehensive 

electron microsconic studies on the dislocation sub structure before the 
. ( 58 ) 

tensile test are required before proper interpretation of Morrison 1 s and 

Dingley and McLean 1s(lS) experiments can be made . 

(c) High Carbon Steels 
( 2 7 ) 

Gens emer showed that for a wide variety of microstructures ; 

pearlite, hypo eutectoid pearlite and spheroidized high carbon steels, the 

work hardening coefficient was related to the yield stress. The lower the 

yield stress, the higher is the work hardening coefficient. Gensemer 1 s 

arguments were support e d recently by Blic.kwede(? ) and Duckworth and Baird(l
9

). 

. ( 68 ) . 
Rosenfield and Hahn formulated the work hardening coefficient, n as a function 

of o--y e x p e rimentally by using a simple expression 

n = (['y (7) 

They cited the lower the yield stress , Vy• the larger is the work hardening 
0 

coefficient, n , for a wide variety of steels at different temperatur e s from 77 K 
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0 -4 J_ 
to 293 K and at different strain rates from 10 to 10 per sec. The constant, 1 

in equation (7) only depends on carbon content and type of microstructure 
(69 ) 
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SUMMARY 

A possible way to understand the uniform ductility became clear 

from an equality between the uniform ductility and the work hardening 

coefficient under parabolic true stress -true strain relation. 

It was shown that the well studied Hall-Petch equation of the flow 

· stress for low carbon steels can be extended to the high carbon steels. 

It was understood that the inhomogeneous deformation mode which 

gave high long range stress by the dislocation tangles in the soft matrix near 

the embedded particles 1night be one of the important factors controlling the 

uniform ductility of high carbon steels. 



PART II - EXPERIMENTS 

A commercial music wire QQW470, which had carbon content near 

the eutectoid composition, was us e d as the initial material. Two principal 

structures, lamellar pearlite and spheroidized cementite were produced 

by heat treatment. Tensile tests were performed at room temperature. 

Scanning electron micros copy and optical micros copy with high magnifications 

were used to determine F.M. F.P. for lamellar and spheroidized structures. 

Transmission electron microscopy was used to examine dislocation structures 

b efore deformation and after the uniform extension. 

It was found that the Hall- Fetch equation was valid for the flow stress, 

and a parabolic expression was valid for the relation b etween true stress 

a~d true st:c~~n. "Ft:om these results, the uni.form ductiiity has oeen analyzed 

in terms of work hardening models. One interpretation based on observations 

of dis location structures is given. 

19 



CHAPTER 4 

EXPERIMENTAL PROCEDURES 

4 .. 1 Preparation of Tensile Test Samples 

(a) Chemical Composition 

Commercia l eutectoid steel, QQW470 of one quarter inch diameter 

was used as the initial material for both lamellar and spheroidized steels. 

Armco iron of one half inch diameter rod, commercially available, was used 

for the low carbon steel. Chemical analyses are given in Table 1. The 

high carbon ,steel contained a negligible chromium content; less than . 025 wt. o/o. 

This means that the spheroidized structure produced was not controiied by 

the strong carbide former, chromume, which stabilizes the sub structure in 

quenched martensite (!). The carbon content of tensile sample from each heat 

treated batch was analized, because the heat treatment gave a slight 

decarburization. These are given in Table 2. The carbon contents in the 

original material were . 830 wt. o/o and . 957 wt .% for groups 1 and 2 respectively. 

It can be understood that decarburization was taking place during the heat 

treatment for both lamellar and spheroidized steels. 

(b) Outline of Sample Pr eparation 

Lamellar structures were produced mainly by isothermal heat"ing. 

For spheroidized structures the quench - annealing technique was applied to 

provide a fast unifonn distribution of cementite particles. 

Basic steps for production of the structures were as follows: 

1. For lamellar steel 

1. as received bar was machined to tensile sample size 

20 
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2. heat treated by either isothermal heating or continuous 

cooling followed by very slow cooling. 

3. polished the surface of the sample wi th sand paper 

No. 400 with extreme care so as not to put any excessive 

load on the sample. 

Thus for lamellar steels no heat treatment was given after the lamellar 

structure was produced. 

2. For spheroidized steel 

1. as -r e ceived bar was cut into pieces, two in ches long. 

2. heat treated by austenitizing, oil qu e nching, sub zero 

treatment and spherodization annealing. 

3. m a chined, making tensile test specimens and polished 

by sand paper No. 400 with extreme care. 
0 

IS00 C fo r 3 0 T!"lin~ . 

furnace cooling. 

For spheroidized stee ls , the specimens were machined a n d anne aled after 

producing the microstructures. 

3. For· Armco iron 

1. as -received rod was swaged to 1/4 in ch diam eter, cut 

into pieces two inches long and mach ined, m aking t ensile 

t e st samples. 

2. h eat treated by austenitizing and furnace cooling. 

For Armco i r on, th e microstructure was produced after the m a chining. 

(c) Heat Tr eatme nt 

The a im of h eat tr eatme nt was to control the min imum w idth of 

f e rrite, i. e . ferrite m ean fr e e p a th ( F . M. F. P.) in differ e nt structures. 
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Schematic representation of the heating cycle for each batch of 

samples used is shown in Figs. 2A, 2B, 2C, where temperature and time 

in the diagrams were those actually measured. 

For fine lamellar steels , LA, LB, LC and for all spheroidized steels,_ 

pot type furnaces were us ed . The salt baths were made up with the fo llowing 

approximate compositions: 
NaCl KCl BaCl

2 
CaC1

2 
for austenitizing 25% 20% 55% 

for is other mal transformation 15% 25% 45% 25% 

A layer of graphite powder was put on the molten salts to reduce decarburization. 

l. Lamellar Steel . The main purpose of the heat treatment for the 

lamellar structures was to obtain different interlam.ellar spacings. To avoid 

spheroidi zation of the la1nellar steel, the maximum isothermal annealing 
n 

tempe::ratu~e used -~vas ?00- C. Th~ minim,.rm trans£0r-m~. tion tc:'mpe~.::lt11 rP lJ.S Pri 

was 600°C which was a practical lower limit at which pearlite forms. For 
-4 

samples, LD, LE, LF, LG, a vacuum furnace {10 mmHg) was used for 

austenitizing and subsequent transformation. Samples LD, LE were transformed 

during continuous cooling. The heating cycle is given in Fig. 2A. For fine 

lamellar steels, LA, LB, a pot furnace containing salts shown previously was 

used. About 10-12 min . was n eeded to bring the temperatures of the sample 

from austenitizing to isothermal transformation temperatures for LF and LG 

in the vacuum furnace. About l - 2 sec. was neede d to move the sample from 

the hot bath, in which it was austenitized and furnace cooled to 800°C, to 

the isothermal transformation bath kept at a given temperature. Time for 

completion of the transformation was determined from the TTT curve for stee l 

c ontaining a similar amount of carbon and manganes e(S
4

). 
0 

The cooling rate was approximately l C per min. for LD, LE, LF, 

and LG. 
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For fine lamellar steel, it was approximately 2°C per min., which 

was obtained by putting the isothermally transformed sample into a can 

containing graphite powder, which was previously heated to 580-590°C, and 

placing the covered can in the pot furnace, after which the pow .er was 

immediately switched off. The temperature in the salt b aths and in the 

graphite powder was continuously measured. 

2. Spheroidized Steel. The aim of spheroidization is to produce 

differ ent ferrite spacing. For fast heat treatments to produce spheroidization 

of cementit e, a martensitic quench and annealing technique was used, instead 

of direct isothermal annealing to decompose a pearlitic structure. Fig. 2B 

shows schematically the h eating cycle for all samples spheroidized. The 

fraction of sample transformed to martensite is influenced by the prior 

austenite grain size and cooling rates. For all samples , both spheroidized 

and lamellar steels, the same am>teniz.ing cunJiLiun::; were a_pplieJ. The 
0 . 

austenizing temperature was 900 C and the bme was three hours. From a 

preliminary t est , this gav e the austenite grain size, ASTM No. 4 (91/' diameter) 

which was fairly la rge . To avoid quenching cracks yet provide fast cooling 

rates, a mineral oil with mild agitation was employed. Micro Vicker's Hardness 

of as quenched s amples using a 136" diamond indentor gave a hardness of 1500. 

The samples were subsequently sub zero treated by dipping them in a dewar 
0 

containing alcohol and dry ic~ at -76 C. This comple ted the martensitic 

transformation and produced a uniform structure before tempering. Various 

annealing temperatures and times were used to obtain different F. M. F. P. as 

shown in Fig. 2B. All temperatures and times us ed for the spheroidization 

annealing were sufficient to produce recrystallized ferrite by the precipitation 
- 4 

of cementite from the martensite. A vacuum furnace (10 m1nHg), in which 

the temperature was che cked by an Alumel- Chromel thermocouple was used 

for these spheroidization anneals. 



This treatment was aimed to produce a microstructure before 

tensile testing that did not contain any dislocation sub structures between 

the cementite particles in the ferrite matrix. 

3. Armco Iron. Fig. 2C shows the heat treatment for Armco iron 

24 

schematically. After reducing the diameter of rod to one quarter inch with 

a combination annealing and swaging, and cutting into pieces of two inch 

length, the Armco iron was machined into tensile samples. Subsequently 
. 0 . 
the heat treatment was carried out by austenitizing at 1000 C (one hour for 

Armco A and two hours for Armco B) and furnace cooling (1. 5°C per min.). 

The vacuum furnace used for the spheroidization was again used for the 

above heat treatment. 

(d) Polishing of Tensile Samples 

All tensile samples were electro)yi;ically pol~::;hed to reduce any 

surface flaw in the gauge length. which might cause a stress concentration. 

The polishing conditions were the following: 

1. solution( 9): 133cc acetic acid (purity 99%) 

cc H 0 
7 2 

25g chromic oxide 

2. voltage: , 18 - 22V 
cc cc 

3. temperature: 13 - 18 

4. cathode: a band of stainless steel 

The sample was kept rotating at the center of the bent stainless steel band that 

formed the cathode in order to decrease the Fe ion concentration gradient 

in the solution near the anode. The electropolishing time was determined 

by observation of the sa1nple surface. The sample was rinsed in two separate 

a l cohol baths and kept in the alcohol until tensile testing. 
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4. 2 Procedure of Tensile Test 

A floor type Instron testing machine was used to test the samples. 

The load on the sample was measured by elastic strain gauges in the Instron 

load cell. Its signal was amplified, rectified, and sent to the recording 

units. The strain in the sample gauge length was monitored by a standard 

ext ens ometer of one inch gauge l ength , placed on the sample with clips. 

Its electrical output, which was proportional to the change of distance between 

the clips, was transmitted to the recording chart drive unit. Thus, simultaneous 

measurement of both load and sample extension were recorded. Under the 

actual testing conditions, proportionality between displacement of strain gauge 

clips, measured by a micrometer, and recording chart movement was checked. 

It was found to be accurate within the reading errors of + • 0025 strain. 

The size of the tensile sample used for all microstructures is 

i llust':;:-ate:d ili Fig. 3 . The J.~an:tete1· o.f the ::sarnple wa::; l/8 inches and the gauge 

length was 3/2 inches so that the 1 inch gauge l ength extensometer could be 

accommodated. The gauge diameter of each sample was machined to a 

uniformity of + • 00025 inches. A special grip system shown in Fig. 4 was used 

to produce self axial alignment of the sample during the intial loading. The 

lower grip was held rigidly by a fixture attached to the moving eros shead, as 

illustrated in :Fig. 5. The upper grip was connected with a pin to the extension 

rod of the load cell. 
0 

The tensile test was done at room temperature (20 - 26 C) using the 

slow crosshead movement of 0. 02 inches per min. It has been observed that the 

.spheroidized sample with fine structure and most lamellar steels broke 

immediately after the maximum load was reached. For coarse spheroidized 

materials, relatively large extensions , whose magnitude depended on the 

interparticle spacing, were developed during the necking. To calculate the 

stress at an instantaneous strain, the cross sectional area of samples before 

the test was determined from two measured diameters taken at three locations 
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in the gauge length . 

4 . 3 Preparation of Thin Foils 

Thin foil s pecimens used to examine the structures before tensile 

t esting and block specimens used fo r microstructural observations by either 

optical or scanning microscopy, were all take n from the same region of the 

tensile sample. Thin foil specimens used to examine the dis location structure 

in sample deformed by uniform extension were cut from regions away from the 

neck and gr ip shoulder of the tensile sample. They were usually cut paralle l 

to the t ensile axis, but in some cas es (Armco B and SF) they were also cut 

perpendicular to the t e nsile axis. The following steps were taken to prepare 

thin foils for observation using trans mission electron micros copy. 

2. mechanically polish with emery paper using water lubricant 

to a thickness less than . 005 inch, using a hardened r ubber 

block to hold the specimen 

3. chemically polish in a solution composed of 
cc 

55 H F (purity 52°/o) 
cc m 

95 H
2

0
2 

(purity 30 1o) 

at room temperature for 1 - 3 min. 

4. e lectr olytically polis h under the following conditions: 

solution : 95cc acetic acid (purity 99% ) 
cc 

10 perchloric acid (purity 71 - ?3 Cfo ) 
cc 

25 Ethanol (pur ity 99o/o) 

cathode: stanless steel sheet 
0 0 

temperature: 15 C - 25 C 

applied voltage: 14 V - 18 V 

current density: k ept in a range between A and B m Fig . 6 by 

reading the ammet e r 
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A similar solution, from which the above was newly developed, was show n 
(8) 

by Brammer et al . Extreme care was taken during all parts of the 

preparation to not induce dislocations or make them move. A check for this 

was made on samples strained to the uniform extension. An aging treatment 
0 

(15 mins. at 80 C) of SF was given to pin the dislocations immediate ly after 

th e strain. A thin foil of non aged SF was observed within five hours after 

the tensile test. No notic eable difference was observed . All thin foils 

shown in the thesis were observed at least two weeks after the tensile test . 

It was expected that all dislocations were effectively locked, although they 

could e scape from the thin foil and thus the structures could be dras tically 
. ( 31) 

rearranged as c1ted by Ham • All transmission electron micrographs were 

taken at 100 kV. E ach time a diffraction pattern wa s taken, the alignment 

of the electron beam was checked. 

4. 4 Preparation for Void Observation 

The voids formed during uniform extension in different mic ro-

structures wer e observed using the optical microscope, and scanning electron 

micros cope. Each specimen was cut from a section away from the neck 

and the shoulder regions to ens ure that the specimen investigated had 

received the uniform extens ion. The prepration technique was the same 

as tha t describ e d for the observation of microstructures before the tensile 

test. Care was taken to not confuse voids with non metallic inclusions on 

polished and etched surfaces. An alternative prepration technique proposed 
(7 5) 

by Tanaka et al was used on sorne specimens for void obs ervation. Following 

tensile deformation, a small sharp notch was made in the gauge of the sample 

away from the necked re gion by eccentric mounting and cutting on a lathe. 

Care was taken not to impose any excessive stress on the specimen. The 

specimen was then cooled in liquid nitrogen and fractured in a Charpy impact 

machine. 



4. 5 Measurement and Results of Microstructures 

Measurements of F. M. F. P. were made by either electron 

micros copy for lamellar steels or optical micros copy for spheroidized 

steels and Armco iron. 
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Samples of two orientations, one, a lognitudinal section parallel to 

the rod axis, and the other, a transverse section perpendicular to the rod 

axis, were cut from the undeformed grip regions of tensile samples, LB, 

LD, LG, SB, Armco A and Armco B. For the other batch of heat treatments, 

the samples for microstructural examination were similarly cut but from the 

gauge length region of spare undefo r med tensile samples. Thus two sections 

for each batch of heat treatment wer e prepared for microstructural 

measurements. All sections were mechanically polished, finished with a 

lubricated abrasive of 0 . 3 microns alumina and etched by one percent nital, 

C:3.!'ef•}.lly ?.voiding ox-irl::ttinn rlurine; and atter the etchmg. 

(a) Lamellar Steel 

A Cambridge Stereo Scan electron microscope was used to estimate 

the F. M. F. P., in pearlite. If the pearlite colonies were randomly oriented 

to the polished and etched surface and if in each pearlite colony, the cementite 

plates lie parallel to each other with a constant spacing, then the minimum 

spacing observable is the true lamellar spacing. The interlamellar spacing 

was measured using the following procedure. The polished sample was wetted 

by methanol, then carefully etched by applying a small cotton ball wetted with 

one percent nital and then diluting the acidity on the surface by pouring methanol 

over it. The whole block of plastic mold in which the samples were mounted, 

was then dipped in fresh methanol, cleaned using an ultrasonic vibrator and 

dried by compressed dry air. This reduced oxidation of the etched surface. 

Three scanning microscope pictures from 20, 000 to 50, 000 magnification were 

taken on each polished section. Thus, six pictures showing pearlite colonies 
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of minimum spacing betw een cementite plates were taken from each heat 

treated batch. A typical picture is shown in Fig. 7. Each picture contained 

9 - 14 cem~ntite plates, whose spacing was measured. The results are 

given in Table 3. This technique was us ed by Brown and Ridley(lZ ). 

From the edgewise growth model of a lamellar structure, like those 
. ( 3 5) . . 

revlewed by Hull and Mehl , 1t was expected that when the mterlamellar 

spacing increased, the thickness of cementite plate also had to increase, 

or a new cementite plate had to be formed between the extending cementite 
. . ( 74) 

plates as C1ted by Sundqmst . 

If the latter did not happen the minimum ferrite spacing between the 

cementite plate could be found from the measured thickness of the cementite 

plate. 

From transmission electron microscopy pictures of the undeformed 

measurement of two cementite plates and plotted against the interlamellar 

spacing measured by the scanning electron microscopy in Fig. 8. From 

Fig. 8, the F. M. F . P. was estimated and listed in Table 3. A typical 

transmission electron micrograph i s shown in Fig . 9 . 

An alternative technique using optical microscopy applied by 

Gens emer et alto determine interlamellar spacing was proposed by 

Pillissier et al(bl) about 30 years ago. 

(b) Spheroidized Steel 

It was rather tedious to m ea sure the ferrite grain diameter in 

spheroidized steels in e lectron micros copy at a statistically significant 

level. Optical micros copy, which c overed larger areas of the specin~ens, 

was used. A typical structure of spheroidized steels is shown in Fig . 10. 

As described later, in spheroidized steels the F. M. F . P. observe d is taken 

to be the ferrite grain diameter, wh ich 
( 77 ) 

first and then by Turkalo and Low . 

. ( 3 7) 
was suggested by Hyam and Nuthng 

d . ( 37 ) d ,.., k 1 Hyam an Nuthng an 1 ur a o 
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and Low(
77

) employed Smith's derivation(
73

} of the grain growth model 

for the two phase materials. An essential aspect of Smith's grain growth 

model(
73

) is that during the annealing, the driving force for the grain 

growth is equal to the restraining force for each particle. The resulting 

formula for constant particle diameter is 

where 

4 
::: 

r 

A.: diameter of growing grain 

r: radius of particle 

Vi volume fraction of particles. 

( 8) ~:c 

Using the value of r and Vf from quantitative metallographic 

techniques described in Appendix II. the diameter of ferrite grain. A. was 

determined. These are listed in Table 5. According to a quantitative 

metallographic technique first proposed by Fullman ( 
25

), and reviewed by 
(70} (16) . . 

Rostoker and Dvorak and De Hoff , the mean ferrite spacing between 

cementite particles, which did not include the existence of grain boundaries, 

is 

where 

3 7(.NA - 8NL
2 

\ni ::: -------------
3·7L·NA 

A.. . ::: mean ferrit e spacing between the particles 
In I 

N ::: number of particles per unit length 
L 

N ::: number of particles per unit area 
A 

The derivation of the above equation is given in Appendix II, following 

(9) 

. ( 25) 
Fullman's analysiS . To find N A and NL, six highly 1nagnified optical 

micrographs were taken for each h eat treated batch; th1·ce frmn the polished 

~:< The numerical constants for equation (Sf given by Srrdth(
7 3

) are not correct. 
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longitudinal section and three from the transverse section. The magnifications 

were xlOOO for SE and SF, xl600 for SB, SC and SD, and x2000 for SA. 

About 300 - 900 particles were counted for the NA. Three lines with angular 

changes of 45° were drawn on each micrograph and NL was determined by 

counting the total number of particles intercepted by known length of lines. 

The number was about 35 to 75 part icles. The results are listed in 

Table 4, together with other parameters rand Vf. From a comparison 

between Tables 5 and 4, it can be concluded that ferrite grain diameter 

based on Smith's model for fine structures like those of SA and SB, is 

larger than the corresponding values of mean ferrite spacing based on 

Fullman's analysis, given in Table 4. This aspect was pointed out by two 

papers of Hyam and Nutting(
37

) and Turkalo and Low(
77

) This may be due to 

an inadequate assumption in the grain growth model. During the early 

stage of spheroidization, the so called"steady state spheroidization model", 

curvature of the particles, may not yet be established. Because of this 

uncertainty, the mean ferrite spacing based on Fullman's analysis, given 

in Table 4, is used for the F.M. F. P .. 

(c) Armco Iron 

If the grain size in a given polycrystalline material is constant, 

it can be determ~ed by measuring the number of ferrite grains per unit 

· db R t k and Dvorak( 7 0) d h · A d. II area, as rev1ewe y os o er an s own 1n ppen 1x • 

From Appendix II 

A = 1. 25 · 
1 (10) 

where A is the grain size and 

n A is the number of ferrite grains per unit area 



Six values of n A have been measured from micrographs at xlOO of six 

Armco A specimens. 
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For Armco B the sub cell size was estimated from the optical 

micrographs. In Fig. llB, regular etch pit traces in the large ferrite 

grains indicate a sub cell structure that is not present in Armco A as noted 

in Fig. llA. These traces were taken as the sub cell size which was used 

for F. M. F. P. in this material. 

The results are listed in Table 6. 



CHAPTER 5 

RESULTS OF EXPERIMENT 

5.1 Results of Sub-Structure Observation 

(a) Sub-structures before Tensile Test 

1. Lame llar Steel 

The scanning and transmission electron microscopic observation 

confirmed so called "growth faults " in the lamellar structures. It was 

assumed for determination of minimum F. M. F. P. in the lamellar steels, 

that cementite plates in a pearlite colony were ideally parallel. This was 

true tor a tirst approxima1:ion, accorci.in~ i:u ~he scanning r·ui\..ru6 \..upi\,. 

observations done. However, it was not true at a local sub microstructural 

scale. It was often observed in the thin foil transmission microscopy that 

the cementite plates were discontinuous in a pearlite colony. Some examples 

are shown in Figs . 12 and 13. In both structures, dislocations, some of which 

are coming out from the ferrite-cementite interface (in Fig. 13) and some of 

which lie parallel to the cementite plates, are possibly due to thin foil 

preparation. A grain boundary running across the pearlite colony, a structure 

often observed, is also seen in Fig. 12. No sub cell walls were observed in 

the ferrite region sandwiched by the cementite plates in an undeformed sample. 

Observations by optica l microscopy indicate that it is reasonab le for a first 

approximation to assume that cementite plates in a pearlite colony are parallel. 

Puttick( 
62

) obs e rved slip at the cementite plate-ferrite interface in 

a deformed pearlite structure, which suggested that the interface was incoherent 

and might be weak. 
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2. Spheroidized Steel 
. ( 3 7 ) . 

Hyam and Nuttmg fust attempted to dis criminate between the 

effect of ferrite grain size, which was controlled by the spheroidized 

cementite particles in accelerated spheroidization annealing, and the effect 

of ferrite grain boundaries or sub p·ain boundaries on mechanical properties. 

In all spheroidized steels, cementi te particles were pr edominantly located 

at the "high angle grain boundaries". According to the similarity in 

microstructures between the present study and those by Hyam and Nutting(
37

) 

and Turkalo and Low( 
77

), who all studied spherodized microstructures by 

replica techniques, their unidentified "ferrite grain boundaries" were 

"high angle grain boundaries". This conclusion was reached in the present 

study from the following observations: 

1. the intensity of transmitted electrons was much different 

from one iernte grain to anoi::ner (Fig:.;. i4 anci iS I 

2. fringe contrasts were seen at the boundaries (Fig. 14 ) 

3. the zone axis of one grain was at a large angle from that 

of neighbouring grains, as demonstrated in Fig. 15. 

Inside a grain surrounded b y the large angle boundaries, there were 

no dis locations and no sub cell structures, as shown in Fig. 14. This is 

probably due to recrystallization occurring after the cementite precipitated. 

3. Armco Iron 

In the measurement of ferrite grain diameter of Armco B, the 

regular etch pit traces were observed. Fig. 16 shows a structure, which looks 

like a sub cell wall, running from a high angle grain boundary. On e estimate 

shows an agreement between a largest spacing of structure like tha t in Fig. 16 

and the largest spacing of e tch pit traces (Fig . llB). No spheroidi z ed ce1nentite 

particles were obs erved ins ide th e ferrite grain. 



(b) Sub - structure after T ensile Test 

1. Lamellar Steel 

Fig. 17 shows the dislocation structure when the samples wer e 

d eformed by uniform extens ion . In between the c ementite plates in this 

coarse lamellar steel, highly tangled dis location structures were seen. 
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It wa s difficult to obtain contrast of many dislocations in ferrit e between 

the cementite plates in fi..l'le lamellar steels like LA, LB, LC, LD, because 

of possible very high dislocation density. 

Fig. 18 shows we ll defined sub c e ll walls joining one fragmented 

c ernentite particle to another in a lamellar structure which was mainly 

composed of parallel cementite plates. The structure shown in Fig. 19 

may be the intermediate stage between tha t of Fig. 17 and Fig. 18. The 

observation of no sub cell walls in ferrite between parallel cementit e plates 

in Fig. 17 is consistent w ith the observation that in fine lamellar steels, 

the dislocation structure in the fer r ite could not be resolved at all because 

of severe lattice strains due to high dislocation density. 

2. Spheroidized Steel 

D eformation by uniform extension of a fine spheroidized steel, 

SA produced a high dislocation density between cementite particles located 

at the grain boundaries (Fig. 20). A tendency to form sub cell walls could be 

recognized even in SA, but most dislocations were randomly distributed and 

well tangled. Near the cem.entite particles the dislocations were dense 

(Figs . 20 and 21) . Sub cell walls can be s een in the ferrit e grains. When 

much coars e r sph eroidized structures were deformed, well defined sub cell 

walls were observed, as shown in Fig . 22 . 

3 . Armco Iron 

No notab l e gradient of dislocation density from the grain boundary to 

the centre of the grain was observed in a polycrystalline material deformed 
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by uniform extension. However a disturbance of cell wall alignment near 

the grain boundary was recognizable, as seen in Figs. 23 and 24. At a 

region three microns away from the grain boundary, regular elongated 

sub cell walls were formed on planes parallel to { 2lll . The dislocation 

density within the sub grain is very low. In Fig. 24, some dislocations 

moving from the sub cell walls are seen. 

5. 2 Results of Tensile Test 

(a) Pres entation of Tensile Test Results 

Typical experimental curves of load vs extension are shown in 

Fig. 25 for a lamellar steel, a spheroidized steel and an Armco iron. 

Logarithmic plots of true stress against true strain, with definitions 

L 

A 
0 

( e + 1) I 1., \ 

\ J.J.} 

~ = ln ( e + 1) (12) 

are given in Fig. 26, where e is the engineering strain; ( AL ) the 

engineering stress, cr.::: ; L the load; and A is the origin~l cross sectional 
eng o 

area. Values for the parameters k and n in the parabolic formula, CJtrue = 

k £n are given in Table 7. The pre-exponential constant k was found by 

extrapolating to E..= l. 0 m Fig. 26. All mechanical testing re sults are given 

in Tables 7 and 8. 

(b) Stress-Strain Relation and the Parabolic Expression 

It can be stated from Fig. 26 that for lamellar and spheroidized 

steels, the parabolic true stress -true strain relation is valid in a strain 

range from seven pet. to the strain where necking starts and f or Armco iron, 

in a strain range from nine pet. to the strain where necking starts. 
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The work hardening coefficient, n was calculated by 

(1 • 10 r.- . 075) 
og n- - log v. 

vtrue true 
n = 

{log ~ 10 - log ~ 075) 

uniform 
where the subscripts stand for the strain range used. £.d. stands 

1rect 
for the uniform extens ion determined directly from th e load- extension 

uniform 
curve as shown in App endix III. E .d was determined by drawing 

cons1 ere 
a tangential line from the measured \J:'" - e curve to intercept the strain 

true 
axis at -1. 0, as shown in Appendix I. The maximum. error in determination 

uniform . 
of E. d. was + . 005 for LC, + . 013 for SF and + . 022 for Armco A. 

1rect - - -
Th 1. . . d . t· f uniform 01 T h 1 e error 1m1t 1n eterm1na 1on o £.. . d was + . . e error imit 

cons1 ere 
3 

in the determination of the pre- exponent constant, k was + 20 x 10 psi for 
3 . 

the lamellar steels and + 5 x 10 ps1 for spheroidized steels and Armco iron . 
...- UHifOL"i1l 

The value of work hardening coefficient, n i::; ploUeu again::; L l::-
direct 

uniform . 
and E. .d for each sample m Figs. 27A and 27B respe ctively. 

cons1 ere 
Figs. 27A and 27B indicate a linear relation between then v alue and the 

uniform ductility. For a first approximation, it can be state d that uniform 

ductility is expressed by the work hardening coefficient in the present 

experiments . 

(c) Dep endence of Constants nand k on F. M. F. P. 

Plots of the pre exponent constant , k, and the work hardening 

coeffici ent, n , against th e F. M. F. P. of the und eform e d structure are shown 

in Figs. 28 and 29 respectively. A straight line in the logarithmic plots 

implies a relation k = A (A. . . )a and n = B (A.. . )b where A.. . = initial F. M. F. P. 
llll llll llll 

and Figs . 28 and 29 show that the larger the F. M. F. P., the larger is the 

work hardening coefficient, n, and the smaller is the pre-exponent constant, k. 

An empirical relation bet ween the work hardening coefficient and 

UTS 
\r plotted in Fig. 30, shows that the smaller the work hard ening co efficient 

true 
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UTS 
n, the larger is the ()' . This rnay be due to the difference in 

true 

dependence of k and non the F . M. F. P.. From those figures, 28, 29 and 30, 

it can be concluded that the pre-exponent constant, k takes a dominant part 

at large strains, under the assumption of parabolic Cf::- - cE_ relation. 
true 

5. 3 Results and Discussion of Void Observation 

It was found that the technique proposed by Tanaka(
7

S) et al was not 

suitable for void observation. The fracture at liquid nitrogen temperature 

produced too much plastic d e formation. Figs. 31 a nd 32 show cleavage surfaces 

of lamellar and spheroidize d steel respe ctively. This technique was aban doned. 

The direct sect ioning technique as described previously was used. 

(a) L amella r Ste e l 

Fig. 33 shows the structure oi fine lamellar sieel, .LG on a s edion 

cut parallel to t h e t ensile a x is . Th e aligned black spots parallel to the tensile 

axis may be due to voi ds cr eated during t ensile deformation. An alignment 

of voids parallel to the tensile axis was predicted in McClintock's analysis 

f lt . · 1 t ( 53 ) H h d th h h 1 d d or mu 1ax1a s r e s s cases . e s owe at w en t e nuc eate voi s 

were in high d ensity they grew in a direction parallel to tensile axis. An 

alterna t e caus e for the black spots are oxide inclusions. The aligned spots 

observ e d by these scanning microscopy observations {Fig. 33) were not thought 

to be oxide inclusions judgin g from their shape and contrast eff e ct. Additional 

supporting evi denc e that the spots in Fig. 33 are not oxide inclusions is that 

n e arby c e m entite pla t e s a r e not disturb e d by their e x istenc e . Puttick(b
2

) 

has shown that cementite plate s become irregular near oxid e inclusions. 

On e rou gh e stima t e of the increase of volume due to voids or 

cracks formed was m a d e on a lamellar steel. Ev en after b e ing multiplied 

by a factor of thre e , th e increment of volume was less than five pet. In this 

case oxides formed durin g e tching were also counted because the volume of voids 
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was measured by using optical microscopy at a magnification of xl600 . 

(b) Spheroidi zed Steel 

Fig. 34 is a scanning microscope picture taken from a coarse 

spheroidized steel. Some cementite particles were fractured leaving a void 

between the fractured surfaces. Fracture of cementite seems to take place 

at the narrowest region of a particle. This mode of fracture of cementite was 

most common. The fracture of the interface between particle and matrix was 

rarely observed. 

(c) Armcolron 

Fig. 35A and 35B are for Armco B. One non-spherical cementite 

particle located at the grain boundary was fractured by shear. Between the 

fractured surfaces of this cementite particle, the matrix filled in, leaving 

(Fig. 34). In spheroidized steel, the dislocation density is high resulting 

from a small grain size. To fill in the vacant region created by the fracture 

of the particle, less resistance for the dislocation motion, which carries the 

plastic strain in the deforming matrix, has to be present. In spheroidized 

steels, this might be difficult. On the other hand the barriers in Armco 

iron were not so high, and thus no void was left near the cementit.e particle. 

Fig. 34 also shows a crack formed between closely separated oxide inclusions. 

A relatively high local dis location is expected here for the same reas on 

described for spheroidized steel. 

(d) Obs ervation by Transmission Electron Microscopy 

Fig. 36 was taken at the edge region of a thin foil frmn lame llar steel 

LG after the uniform extens ion. It shows clearly the steps formed in a 

cementite plate and is evidence for plastic deformation of cementite during 

room temperature deformation. It is not sure whether this is due to the 
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tensile deformation or the thin foil preparation. No detailed exarnination 

of this deformed cementite structure could be performed because it was 

seen at the edge of a thin foil which was bent from five to eight minutes of 

electron bombardment at a beam current of lO,M A. Fractured cementite 

plates and particles inside the thin foil were observed occasionally. 

Dislocation structures in the ferrite near the cracked cementite in lamellar 

and spheroidized steels could not be resolved, possibly due to severe lattice 

strain. 



CHAPTER 6 

DISCUSSION 

6. 1 Introduction · 

In the previous chapter on experimental results, it was revealed 

that the parabolic stress -strain relation was valid and uniform extension 

was linearly related to the work hardening coefficient, n. In Appendix I, 

theoretical arguments for the linear relation between the uniform extension 

and the work hardening coefficient are given. The following discussion will 

use these results to try to explain the effect of microstructure on the 

UH.i.Iurru uucL.i.liLy. Tu uu ~il.i.S, LlH~ eiiecL ui ruic.ru::;Lntci.ure i::; fir::;t forrnulai:ed 

in terms of the Hall-Petch r elation where the parameter of microstructure is 

the F. M. F. P., because the continuous and plastically defornctable phase in 

the high carbon steel is ferrite. Based on this Hall-Fetch equation, the 

uniform ductility was formulated as a function of reciprocal flow stres s. 

One attempt at a qualitative argument based on observations by 

electron micros copy is given. 

6. 2 Effect of Microstructure on the Strength of High Carbon Steels 

(a) Dislocation Structures at Uniform Extension 

As stated previous ly, the dislocation distribution in structures of 

coarse spheroidi zed steel (Figs. 21 and 22) and Armco hon {Figs. 23 and 24) 

was heterogeneous. In Armco iron, most of the dis locations were at sub 

cell walls. In spheroidized steel, they concentrated at either cell walls or 

near the cementite particles. It can be expected that a region where the 

41 
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observed dislocation density is high may provide a large long range stress. 

In a region, where the observed dislocation density is low, the long range 

stress may als o be low so that motion of dislocations is relatively fr .ee and 

strain can propagate. The latter region may provide stress relaxation for 

the former region . A mechanism of immobilization of dislocations, which is 

a kind of Cottrell locking, suggested by Evans and Rawlings(
23

) may be 

applicable for the build up of the long range stress. 

Present observations imply that for sub cell walls to form, a 

critical spacing of initial ferrite may be required. Fine spheroidized and 

lamellar steels did not show sub cell walls. On the other hand, well defined 

sub cell walls were observed in the coarse spheroidized steel. However 

the dis locations are concentrated near the fragmented cementite particles 

(Figs. 18, 19 and 20), where the size of dislocation free regions is negligible. 

In fine spheroidized ste el and lamellar steels, less relaxation of the local 

(b) Hall- Fetch Relation 

It was stated in the Literature Review that Ashby's one parameter 

work hardening theory(S) gave the Hall- Fetch relation for two phase materials = 

at small strains. To extend this for large strains, one has to include the 

experimental evidence that the wavelength of 11 statistically necessary 

dislocations 11 is reduced to the wavelength of geometrically necessary dislocations 11 

This evidence is given in Keh's paper(
42

) on single crystal iron deformed at 

0 ° C. This evidence adds complexity for theoretical analysis . According 

to the simplified Ashby's one parameter work hardening model, which neglects 

the behaviout of 11 statistically necessary dislocations 11
, the Hall-Fetch slope 

for cubic and plate-like second phase particles is given by equation {14) 

kfl = 2 rJ.. G I ~ b A (14) 
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and equation ( 6) gives 

G£1 = 6j_ + 2 d- G {Eb 1 

~ 
I "ini 

(15) 

with y = 2E. , 

The flow stress at various strains listed in Table 8 is plotted in 

-1/2 
Fig. 37 against the initial F. M. F. P., (A. .. ) , listed in Tables 3 and 4. 

lnl 

As is seen, for each type of microstructure, a linearity exists between 
-l/2 

the flow stress and (A. .. ) • The lamellar steel work hardens rapidly 
lnl 

in the first few percent of strain. Above e = . 075 both structures approximately 

satisfy the same Hall- Fetch relation. Scatter in the data of spheroidized 

steels at large strains was much greater than that of lamellar steels, and 

evaluation of k£1 is less definite. Thus it is difficult to examine Ashby's 

theory predicting the increase of k£1 with increasing strain from the present 
,,n ':'r\ '> . , 1~\ .. 7 

,, ,... . ., ,-\J.U, ~J} r"' - '7 () - ... 1()-' 1- ....... .._.....v--. t.... \L.o~J ~ ...... ~ \..., - ") ""V"' lf\ • 
re::::; ·u!L::>. ..weL1..111g r::l' - .1. J , '-"~ - •• 1 ..o... J.V .1., 5 .L.l...l..L.l..L ~ ...... -. JJ -- _ ... ~ ~..... ~m 

>:~ e= . 075 -3/2 
the k£1 becomes 2. 8 kg mm . The observed Hall-Fetch slope 

e=.075 -3/2 -3/2 
was kfl = . 50 kg mm , (ky = . 55 kg mm ) in the present results, 

where the k is the Hall-Petch slope for the yield stress. In Fig. 38, the 
y 

Hall-Fetch plot is made using the sub cell diameter measured after the uniform 

extension. At least fifteen sub cells were measured in th e thin foil. The 
e = .10 

Hall-Fetch slope for this microstructural parameter was k£1 

= . 95 kg mm-
3

/
2

, which is still lower than Ashby's prediction. Armstrong 

(2) k e = .10 1 6 k -3/2 h. h t . . et al obtained = . g mm w 1c was c ons ant rn a stra1n 
£l -3/2 

range from e = . 05 to e = • 20 (k = 2. 2 kg mm ) for m ild steels at room 
(49) y e = .10 -3/2 

temperature. Liu obtained k£1 = 2. 0 kg mm • Liu's experiments 

were on a wide variety of spheroidized steels (from c = . 07 wt. o/o to 

l. 46 wt. o/o) with their F. M. F. P. determined by Fullman's technique, ranging 

from 3. 8 }" to 18/' . He was not concerned with the fe r rite grain boundary 

which might be predominant in large F. M. F. F. materials. 

~:< The nume rical constant,A was t entatively taken as one. 
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( 27) . . . 
Armstrong et al pomted out that strain can Introduce other 

processes, including sub cell wall formation, dis location nucleation, and 

formation of obstacles to dis locations in a matrix covered by the initial 

F.M.F.P., A .. , whichmightdecreasethek£
1

effectively. Theseareall 
In I 

possible mechanisms in the present materials. No effort was given to analyze 

these factors in kf . 
. 1 

For the following discuss ion, it is assumed that kfl 

is constant with strain. 

6. 3 Effect of Microstructure on Uniform Ductility 

(a) Introduction 

The Hall-Petch slope, kfl in Fig. 37 can be taken as constant 

with strain, and the change in frictional stress, ():", can be determin ed when 
I 

the strain range is defined. The uniform ductility determined by Considere 

I 

A differentiation of the Hall-Fetch equation (15) gives equation (16) 

Gfl= ~ I + kfl 

don) 
do; 

I 
= + de. dE. 

1 

l~ In I 

1 dkfl 
--· 
,~ dt. 

d 
+ kfl· dE. 

( 1 ) 

~i 

{15) 

(16) 

1 

where the flow stress, (f is the true stress. From Fig. 37, 
dk£1 

d£ 
= 0, 

d 1 
(which is not valid in Ashby's model) and dE ( / A. . = 0 because 

which is independent of pl:J:~stic strain. Thus the A .. is the initial F. M. F. P., 
In I 

equation (16) becomes 

d<>:" 
I 

dZ:.. 

Appendix I gives 

( 17) 



n = 
dG":" . (--
d£ 

from (17) and (18 ), 

n = 
dV: 

----=-1- ) . E. . _l_ 
dE Ofl 

=A. 
1 

1 

da-:-
1 

where A = ( which is independent of~- .. Thus the work 
dE 1n1 
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(18) 

(19) 

hardening coefficient, n, becomes proportional to the reciprocal of flow 

stress and depends on the initial F. M. F. P., ~- ., through the Hall-Petch 
1nl 

u n iform 
relation. App endix I and Figs. 27 A, 2 7B give n ::: £. . In Fig. 39, 

• r 

. . .. .,.. ., . , .,., 1 • - U!ll.tU.tfl-.L ..: -. - l .-. .1-l- ,... d - - - ..: .......... · ..... ~ l"l ~~ \ -.+-. ,......: .... .... ,.... _...,....f-...,.-"'.:-
Lile Unllorm UUC~lll~Y 1 2::::. € ' "d ~ .to .J:-'.lV\.\.C a.~a..t . .uo <- \ .._/ \J flJ a. ... o. S'-• ._ .. .., ...... .:.. ... u cons 1 ere 

i.e. e = • 075. A linear relationship exists between them. The work 

hardening 

AGl 
t:::.e. = 

coefficient, n for "-.. . = 4 microns can be found by taking 
1n1 

153 kg rnm-
2 

from the shift of Hall-Petch plot with the 

strain and 
-2 3 G£

1 
= 59.4 kg mm (84 x 10 psi) ate= . 075 corresponding 

to four microns of initial F. M. F. P. in Fig. 37. This gives n = • 188. The 
. . . uniform 

The error of corresponding uniform ducbhty, E .d 
cons1 ere 

= • 152 + • 02. 
dV?-

the estimate may be due to the evaluation of 
1 

d £. ). 

Supporting evidence for the above argument is seen in Rosenfield and 
(68) 

Hahn's paper . They showed that the work hardening coefficient, .n, was 

inve rsely proportional to the yield stress, 

the Literature Revi e w. In Fig. 40, 0-.. is 
y 

cr: as expr e ssed by equation (7) of 
y 

ploii:ed again st the flow stress at 

e = . 10 for the p r esent data. It is shown that there is a cor r elation between 
(27, 7, 19) . h 

them. Gensemer's results also agree w1t the present results. 
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(b) Physical Interpretation of the Present Observation 

Plastic deformation at large strains includes t w o features i.e. 

plastic strain with work hardening, and the possible nucleation and growth 

of voids. If the plastic strain propagation by dislocations meets obstacles, 

either dynamic recovery or nucleation and growth of voids will take place. 

If the local stress concentration build up can be relaxed by propagating 

plastic strain (nucleation and movement of dis locations) or sub cell wall 

· formation, as in the case of Fig. 35A and 35B, the voids will not be formed. 

If the former is difficult, then voids may be nucleated more readily as in 

the case of Fig. 34. This can be visualized in the most simple model expressed 

by 

where 

y = b • 
m 

r is the shear strain 

is the mobile dislocation density 
m 

( 20) 

i.e. an absence of propagation of plastic strain is simply due to the absence 

of mobile dislocations avail ab le or/and absence of the space available for 

the dislocation movement. 

Observation of voids which did not grow larger than the cementite 

particles in spheroidized steel (Fig. 34) shows the growth of voids is difficult. 

Observation of high dislocation densities, which were rather uniform throughout 

the lamellar and fine spheroidized steels, imply that stress concentrations could 

not be relaxed by plastic strain in a region of lo w dislocation density , or by 

dynamic recovery. Assum.e that voids existing at strain less than the uniform 

extension are very thin in the tensile direction. Since voids can not car ry any 

load at all, for Ap = 0 it may be valid to divide the decr ement of the cross 

sectional area in equation (1), Appendix I into two parts, one due to external 

geometry dA and the other due to the existance of thin voids, dAv 

dA 

A 
+ 

dA 
v 

A 
= ( 21) 



Letting increment of strain d£ = 
v 

()' = 
dE + d~ 

v 

dA 
v 

A 
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(22) 

Equation (22) shows that a material in which many particles are fractured 

producing voids (as in Fig. 34 ) may h ave necking at a smaller strain and 

at a lower stress than one without voids. Thus voids formed during strain 

may govern the uniform extension::< Sinc e at the onset of necking, all regions 

?f the tensi le sample a re expected to be work hardened, one of the important 

factors determining the onset of necking may be the loca l dynamic recovery , 

C (14) d h d . . (33, 55, 63) as ottrell suggested, an t e local ens1ty of vo1ds. 

( c ) Implications for Industrial Application 

The yield strength, ()' of spheroidized ste e l is as high as that of 
y . 

l a mellar steel, as shown in Fig. 3 7. On the other hand, the spheroidized 

::>i;eel ;:;.iww::> la.L' ger un.i.Lonn e.x~ensiun CL;:; in ?igs . 2/A., 2To • .J.nuti spnero1a1ze d 

steel in which the c ementite particles are dispersed finely can satisfy 

industrial requirements for an application in structural members , plate 

steels , wire rope etc . for its high strength and has the advantage of a high 

ductility. 

Research has begun to utilize the advantages of the high ductility 

and hi gh strength of spheroidized s t eel on an industrial scale. Current 

developme nts of spheroidized steel are concerned with their production b y 

thermo-mechanical treatments . Robbins et al( b
4

) and Sherby et al(?l) did 

experiments on hot (or warm) d eformation to enhance the spheroidization and 

implied that the production of spheroidized steel can be done in a conventional 

steel works. 

':~ Schematic representation of the argument is give11 in Fig .. 41. 



SUMMARY 

Experimental data was used to formulate the effect of micro

structure on the flow stress of high carbon steels. It was suggested that 

a better fit for the Hall- Petch equation was expecte.d when using the sub 

cell diameter in the flow stress relationship . 

The uniform ductility was formulated as a function of the 

reciprocal of flow stress, which is related to the microstructure through 

the Hall-Fetch relation. The data agreed with this formulation . It was 

discussed relative to other published experimental formulations and agreed 

well . One attempt was given to interpret the formulation qualitatively using 

electron microscopic observations. 
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CHAPTER 7 

SUGGESTION FOR FURTHER STUDIES 

One important aspect which the present study avoided is the 

microscopic study on the behaviour of voids, which requires physically 

realistic theoretical models to be developed. 

No attempt to estimate quantitatively the contributions of internal 

stress built by various dis location structures observed in electron micrographs 

has been made. 

This has to be solved by detailed examination of dis location 

structures and their analysis into a simplified model, perhaps with the 

For practical reasons, experimental data has to be accumulated 

for a wide range of microstructures. 
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APPENDIX I 

In tensile loading of ductile materials, necking occurs when the 

. 1 d d. r.--- U. T. S. h d Th max1mum oa correspon 1ng to " is reac e . e plastic 
U T S eng. if 

t . d" t . . . . 11 d "f . un orm s ra1n correspon 1ng o \)' 1s ca e un1 orm extension, e • 
eng . 

Up to this strain, an increment of load, dp necessary to deform the sample 

further gradually decreases and at the onset of necking, dp = 0. The following 

equation is valid at this point. 

dp = G"true 
dA + AdCJt" = 0 

rue 

-dA 
d<J:-

from which 
true 

= A 
Dtrue 

when the volume of the deforming sample is kept constant, 

dy = Ad~ + ~ dA = 0 

A 
d~ 

= --~ = d£ from which 
dA 

where A: instantaneous cr·os s sectional area and 

Q: instantaneous gauge length 

By combining (1) and (2) 

d<Jtrue 

Cftrue 

from which 

d():" 
true 

. dE.. 

= 

= a;rue 
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(1) 

(2) 

{3) 



Assuming ()':; is related to, 
true 

n 
CJ;rue = k f: 

in the parabolic expression as 

The work hardening coefficient, n, is expressed by 

n = 
d ln (1 

true 
d ln £ 

From (3) and (5) 

uniform 
n = E. 

dU' 
true 

= dE.. 

£uniform 

<ftrue 
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(4) 

(6) 

From equation ( 3 ) above, another technique to determine the 

uniform extension can be established, termed considere technique(
76

). The 

nniforrn extension is given at a tangental point on a U. - e curve obtained 
~.l· u.:= 

experimentally. The straight line, which is tangent, originates from the 

intercept - 1. 0 on the e axis . By kno wing ( d ln (f" / d 1n£) of the parabolic 
. true 

uniform. . <T: -E.. relation, the£ 1S determmed fr om equations (5) and (6). 
true 

In addition to these two techniques, there are three more techniques . 

Thes e are: 

. . h d( 4 3' 51 ) h h ( } 1. 1nters echon met o , w ic utilizes equation 3 . Measure 

the work hardening rate, (d U. /dE..) at various strain and plot this against 
true 

the E. . The E.. uniform is where this curve intersects the Cf: - £ curve. 
true 

2. 
( 30) . 

plastic strain energy method , which requir es a determination of 

the plastic strain energy covered by the Cf:" - £ curve when the parabolic 
true 

st ress- strain relation is valid. 

3. direct reading method, which i s to read th e uniform extens ion from 

the recorded load-elongation chart when the elongation is measured by an 

accurate strain measuring device or to measure the gauge diameter away 

fr om the neck befor e a nd after the tensile test. 



APPENDIX II 

DETERMINATIONS OF F. M. F. P. 

l. Spheroidized Steel 

The symbols used are: 

Vi fraction of volume occupied by particles 

'A .. : F. M. F. P.; mean ferrite spacing terrrrinated b y spherical 
lnl 

particles 

'A: interparticle spacing, the spacing from the c e nters of a 

particle to that of a neighbouring particle 

r: average radius of particles 

N number 
v 

of particles per unit volume of the m aterial 

N· A. number of particles per unit area 

NL: number of particles per unit line length 

L : total length of ferrite matrix which is inte rc e pted by a unit 
mat 

line length 

Fullman(
2

S) gave N A and NL for uniform size of sphe r ical pa1·ticles embedded 

in the matrix as: 

N = 2r N 
A v 

( l) 

2 
N = n:r N 

L v 
(2) 
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From (l) and (2) 

r = 2 
7L (3} 

From the definition of the volume fraction, Vf, where Vf is equal to the 

I 3 
product of particle volume, 4 3 n:. r and N , combination of (2) and (3) 

v 
with this gives 

NL 
2 

vf = 4/3 
3 

N 
8 

7(.r = v 37C NA 

Now, from the definition of L , which is 
mat 

A. . • 
Inl 

(4) 

(5) 

anc.i i£ Lhe material i::; cumpu::; e J. only uJ. Lhe ::;pherical pari.icle::; ernoedtlec.i 

in the matrix since the volume fraction, Vf is line fraction in t his case 

1 = ( L t + Vf) = N A.. . +V - ma L m1 f 

from which 

A. ~ = 
Inl 

= 

2. Polycrystalline Iron 

3 1C 

- 8 N 
2 

L 

(6) 

(7} 

Let's assume the etched section of the polycrystalline iron shows 

composed of hexagonal shape for the ferrite grain which has constant size. 

The edge length, D and diameter, A. .. of the h exagon are related to 
lnl 

D = 
1 

A.. . 
lnl 

( 1) 
1.9 



The area of a hexagon is 2. 37D
2 

and the total area becomes equal to 
2 

2. 37D nAt' whe r e n Atis the total number of grains. Letting 

then 

n 
At 

n = A (Ar ea Observed) 

A.. . = 1. 25 
1 

l.nl 
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APPENDIX III 

The load extension chart recorded by the Ins tron tensile machine 

gave a step like behavior. During work hardening, the load increa.sed 

abruptly (20 - 40 lbs.) after a large extension at constant load. A schematic 

representation of the behavior is given in Fig. III-I. This may be due to 

character of the work hardened sample or Instron, i.e. mechanical 

sensitivity of recording pen responding to the signals in the recording 

unit. a/bin Fig. Ill-1 was 10 - 50 throughout the test. a'\: a, on the 

other hand, b ::: b'. By extrapolating curves A and B of the regions before 

and after the onset of necking, the point of maximum lo_ad, PUTS was found 

t · t E F th · t 1 b t" uniform h- h a po1n . rom ese exper1men a o serva 1ons e _,. , w 1.c was ,,.,.ert. 
1 1'n .;f..-..,.,...-y'Y"\ -· 

directly related to Ed~.--------- , was determined. The strain between 
1rect 

D; the midpoint of the highest stress region, and E was taken as the error 

limit, which is marked in Fig. 2-17(A). 
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.. 

(Schernatic) 

Error Limit 

Curve A · ~ Cur·ve B 

~ )_- ~:{-al D E 44 ~1_~ , 

t:_direct ,..,______ uniform=-- --

Extension 
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Fig. III-1: Schematic representat ion of load elongation chart near the maximum 
load . 
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Table 1: Chemical Composition of As- received Mater ials 

Chemical Composition of 
As-received Materials 

Tensile Sample 

Group 1 LB LC LD LE LG SB SC SESF 

Group2 LALFSA SD 

c 
.830 
.947 

Mn s 
.45 .044 
.45 .054 

64 

vvt . 0/o 
Si Ni Cr 

.244 Nil. ~~il . --

.265 [\j it. Nil. 

NiL = Less than .025 

Cc-.rbon Content after 
Heat Treatment 

-TLA LB 
1.928 .786 

- SA SB 
c .950 .902 

-

LC 
.785 

sc 
.758 

LD LE LF LG 
.776 .805 .881 .79Lr 

so SE SF 
.901 .770 .681 
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Table 3: Inter l a mellar Spa cing and F. M. F . P. for Lamella r Steels 

microns m1crons 
lnt Lam Spacing ln~ial FM.F P 
av. m1n . max. av. mtn . max. 

-
LA .14 .12 .16 .10 .08 .1 2 

LB .15 .13 .16 .11 .09 .12 
LC .20 .18 .22 .16· .14 .1 8 
LD .30 .26 .38 .24 .20 .32 
LE .2 8 .23 .30 .22 .17 .24 
LF .30 .24 .36 . . 24 .18 -~ 
IG .52 Ll r;c; .4? .34 t:;~ - . 

L--~--:-__ I __ I . I ~, I ~ ...... I 
---·---··-

· Table 4: F . M . F. P. and Other Mic rostructural Parameters for Sphe r oidized 

Steels 

mtcrons microns 
Radius of Particles Volume Fraction Initial F MF P. 

av . m1n. max. av. m1n. max. av. m1n. max. 

SA .70 .66 .75 .55 .45 .72 .79 .65 1.1 
SB .68 40 .so .49 .29 . . 60 2.5 2.0 2.6 
sc .81 .72 .96 .35 .4-4· .72 2.6 2.4 2.9 
so .82 .66 .95 .32 .23 .44 2.5 1.6 3.1 
SE 1.2 1.0 14 .29 .22 .43 6.3 5.4 71 
SF 1.2 .90 1.4 .31 .2 2 .~~2 6.3 5.6 74 
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T a ble 5: F errite G r ain Si ze in Sphe r oidized Ste e ls b y Sm ith's Mo d e l 

m1crons 
Grain Oiarneter 
av. m1n. max. 

SA 1.8 1.5 2.3 
SB 1.8 1.2 3.0 

sc 2.1 1.8 2.1 
.:>U 0.U L.O '+.1 

SE 5.9 45 70 
SF 54 3.9 6.9 

m1crons 
Grain Diameter ·-
av. m1n. max. 0 

Armco A 35. 31. 38. 
ArmcoB 29. - -

Table 6: F errite Grain Size in Armco Iron 
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Table 7: Re s ults of M e chanical Te s t ing, l. 

! uniform ductility pre.exp . U::UTS ~rm un1forrn const 
sidei-E Eclwect n value K true 

LA . 1 I 054 144.5 
2 . .053 152.21 
3 .052 140.0 

av. .()53 145.6 
LB 1 090 095 .096 244 . 169.8 

2 .100 . 103 . 118 200 . 148.4 
3 .081 

av- .090 .099 .107 222- 159.1 

14~? 1 
LC 1 .095 .100 107 203-1 

I)J 1(\~ I 1f \(\ I 1 ur ) 1 '1/l. ( ) I I 
'-- ,.........,._..,..._... ., ........ ~ :•'--" .._, o ~ ~ . ' ~ · . 

3 :109 140 .114 175· 143.9 
av. :100 .114 .104 189. 142.9 --

LD 1 .095 . 128 215 . 
2 - .122 .103 .153 194 - 131.2 
3 .095 .093 .124 205- 130.5 

av. 104 .098 135 205- 130.9 
LE 1 .104 .098 .181 198 . 128.0 

2 - .104 .093 .114 183. 128.7 
3 .100 . 116 .168 175 . 130.5 

av. 103 .102 .1 54 185. 129-1 
LF 1 .109 . 118 .137 200 . 134.7 

2 .109 .11 8 .144 202. 134.9 
3 .109 .120 .144 190. 135.8 

av. .109 11 9 .142 198- 135 .1 
LG 1 .135 .1 20 .181 172· 112.3 

2 .118 -120 .169 16i 1143 
3 .128 .120 .162 163 . 114.8 

av. .127 .120 .171 167- 113.8 __ 
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Table 7 - Cont 'd. 

3 3 
10 PSI 10 PSI 

uniform ductility pre exp O?UTS 
~n1rorm J Eun,rorm K const. 

ons1clere direct n value true 

SA 1 .1 18 .134 .139 149- 111.9 

2 .113 .116 .142 154. 110.8 
3 .118 .131 .130 138· 109.6 

av. .116 . . 127 .137 147. 110.8 
SB 1 .140 

2 140 .166 .147 150. 119.5 
3 -127 .133 .154 142 . 110.1 

av- :136 . 150 .151 146. 11 2.3 
sc 1 .153 .174 .172 147. 105.5 

2 .153 .164 -1 77 146. 104.6 

3 -153 .168 .175 142. 106.4 

a.v. :153 169 -175 145 . 105.5 
~..-.. A -~. ·- - A - ,......_~ ,-, . . 

I ~I J I I .I ~I I .I ~'-\ I . I '-\ I I I -<I. I ~J:-1 / I - - . ·-. ·-

2 - -1 31 .148 .187 138- 95.8 

3 .127 -1 42 .177 129- 94.9 
av. .130 .142 -174 . 135- 956 

SE 1 .165 .203 .207 138. 112.0 . 

2 .170 .201 . 192 139. 106.4 
3 .165 .189 . 191 14.0 . 105.4 

av- .165 .1 98 . 200 139 . 1076 
SF 1 .170 .199 .235 126 - 91.3 

. 2 .170 .1 9 1 -209 125- 923 
3 . 165 -178 . 220 128 . 93.1 

av- .168 .189 .221 126. 92.2 
Armco· 1 .227 -322 so::: 

A 2 .237 .265 -291 75.0 51.8 

3 .207 -.245 ·300 74.0 so:= 
av- .223 .256 -304 763 51.2 

Armco 1 .235 .262 .294 800 53.6 
8 2 .251 .281 .272 780 54.3 

3 .235 .310 .316 82.0 566 
av. .239 .284 -295 80.0 54.8 
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Table 8: Results of Mechan ical Testing, 2 - Flow stress a t various stra ins 

I GtLYP \rue me=075of-10 true rue 
e-125 at rue 

LA 1 70.0 
2 71.3 
3 74 .1 

av. 71.3 

LB 1 74.6 16 5.2 169.7 
2 61.6 142.5 147.3 
3 

av. 681 ~53.9 h58.5 

LC 1 55.9 138.2 143.1 

2 5 8.9. 135_3 139.1 
3 b2.~ '1 ~12 141.'1 

av. 59.1 136.9 H413 

LD 1 576 129.1 133.7 
2 . 571 1249 132.3 
3 580 1262 1307 

av. 576 ~267 131.6 

LE 1 49.7 123.5 1278 
2 475 125.1 129.0 
3 48.5 125_3 1281 

av. 48.6 1246 1283 

LF 1 53.7 126.3 131.2 1343 
2 538 126.8 131.9 1351 
3 51.9 126.4 131.5 1350 

av. 53.1 1265 131.5 1348 

LG . 1 25.1 103.7 109.0 113.4 
2 235 1057 110.5 113.9 
3 29.5 1063 1 '11 .1 1146 

av. 26.0 1051 1102 H 13.6 



Table 8 - Cont' d. 
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G;::LYP ; ();e=07h~::10 
true ' true J true 60J1?-5 6tfG~ ~-20 ~-25 t u-e true 

SA 1 74.9 I 102.8 106.8 1102 I 

2 677 97.1 48.6 

3 741 1020 105.7 1081 
av. 72.3 ~00.5 103.6 ~09.5 

SB 1 78.6 100.7 106.1 I 1100 113.2 
2 78.5 101.3 105.5 109.8 111.5 
3 78.1 100.6 1050 108.1 

av. 784 h009 105.5 109.8 112.4 -sc 1 63.3 91.4 gr-::8 J. 99.2 102.3 
2 63.2 905 95.1 98.4 1014 
3 64.9 92.1 96.5 100.5 103.1 

av. 63.8 91.3 95.9 994 102.3 . 

SD 1 62.6 865 90.4 93.5 
- - ·- --- - - - - -
- 6o.o 84.9 89.2[ 924 

_..__...__. 

3 94.7 100.7 
av. 61.5 1855 898 1929 -- 94.9 

SE 1 96.1 
. 10441 

5981 84.5 89.6 93 .1 

2 62.5 88.6 93.4 1 96.7 99.6 

3 580 88.9 93.7 97.1 1004 104.71 
av. 58.8 873 922 956 98.7 +-SF 1 49.5 744 794 83.0 85.8 
2 49.9 764 81.0 844 873 
3 52.1 78.0 82.9 86.4 89.0 

av. 505 76.3 81.1 84.6 874 
An-ned 214 356 39.0 41.7 43.8 47.3 49.9 

A 2 16.5 35.3 388 41.3 43.6 46.8 49.5 
3 35.7 393 41.9 44.0 47.2 

av. 19.0 355 39.0 416 438 471 4 9.7 
Armed 16.7 365 403 429 45.3 487 51.3 

B 2 12.0 374 402 427 44.9 48.6 51.1 
3 173 369 40.5 43.3 456 49.0 517 

av. 17.0 36.9 403 430 45.3 486 514 



y 

T 
T 

T "- I / 

.J.. 

. .J... 

I-

I- .j• 

,( 

A Pile-up Group 

.. ~ 

Vaca cy Type 
Oi locations 

T 

.J... 

71 

Cavity · if The Interface 
" is weak 

..,.. ir."tf:\l"'rt;T"i:=ti I,""'""' nicinr ~tif"lnC:: 
II I\. ""& ~\.1\.l"'""""'\. 1J f-'\... L,..;'l._,.,.....,'-''-"'""-'"' •-

X-Y : Primary Slip 
System 

X'-y': Secondary Slip 
System 

Fig . 1: Schema tic representation of A s hby ' s Void Initiation M o del 



Fig. 2: - nt Cycles . .,...reatme . Heat ..l . 

1000 

800 

A 
0:.400 E . 
OJ 

F20Q , 

2 3 1 
Time 

I 

I . • ' 3 ' 2 1 
Time 

1000 

c 

72 

LD,L~ sly Coole cl Cont,nuou 

-....... __ -
--------=-

4 5 6 
hr. 

I 
lir. 

60 _ SA 40 
650 SB r~ 710 ~5 100 600 
700 SE 100 

SF 84 710 

• 
4 6 

ArmcoB 

~Armco A I 

Ti~e 4 



Scale 1 inch 
1/4 1/8 5/32 

6=-u:: J ==n:D 
1 ,.___:___r 1 112 ~ 1 I 

___,. r3/32 
--- 1·3/4 -~ 

Fig . 3: Tens ile Test Sample 

' I 
f 
I ----. 

r 

·--· · ----1 I 

I 
~--·· ----
1 

Fig. 4: Desi gn of Grip System 

Scale 1 inch 
0 ' 

r ':J/'d _..1 

5/32 '· -4 I+-

0 

I I 

I 
5/8 for one grip 
7/16 for other grip 

73 



74 

Scale 1/2 inches 

. ~ 
I I i I I I I 

I 
8 

1/2 -- --
Grio to. be h d · 

· attac e 

Fig. 5 : De sign of Cross Head F ixture . 



Fi g . 6: S chematic representation of applied voltage an d current d ensity . 
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75 

LA, Longitudinal section to tensile axis LG, Longitudinal section to tensile axis 
Fig. 7: Highly magnified scanning electron Fig. 9: A typical transmission electron 

1nicrograph of larnellar steel before micrograph of lamellar steel 

the test. before the test. 
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/ 

10 .20 .30 
Interlamellar Spacing 

40 . 50 . . . 

m1crons 

Fig . 8 : Depend ence of thickness of c ementite plate on interlarn.ellar spa c ing. 



Fi g. 10: A t ypical o ptical 
mic rograph of spheroicli zed 
ste e l b efore the t est. 

SF 

20. rnicrm1s 

Fig. 11: A typ ical optical 
micrograph of Annc o iron 
be£0:r.e t he t es t. 
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Armco A 
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Ann co B 
200 . m icrons 
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5. 0 microns 
LE, Lon gitudina l 
Fig. 12: Transn1ission e l ectron micrograp.h of lan1ella.r 

steel showin g a grain boundary running acros ~;; 
the lamellar structure. 

1. 4 micr~m.s 
LF, Longitudinal 
Fig. 13: A typical transrnission electron micrograph 

of larnellar steel showing no sub cell walls 
in the fer rite before the te s t. 
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5. 0 microns 

SF, Longitudinal 
Fig. 14: Substructure of spheroidized steel showing 

no sub cell walls or dislocations in ferrite 

5. 7 microns 
Armco B, Longitudinal 
Fig. 16: Sub cell walls running from the high angle 

boundary in Armco iron before the test. 



o2o A 

Zone Axis= 100 

Assuming that the beam. is parallel 
to the zone axis in Figs . 15A a nd 
15B, the resultant mis fit angle 

0 
at the boundary becomes 63 . 4 . B 

SB 
Long. 

1.1 m1crons 

c 

Zone Axis = 120 

Fig. 15: Misorientation at a ferr ite boundary in a spheroidize d steel before 

the te st. 
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• 42 microns 

LG, Transverse 

Fig. 17: Tangled dislocations b e tween the cementite plates 
of lamellar steel with no sub cell wall. 
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• 71 microns 

LG, Transverse 

Fig. 18: High dis location density near the fragmented cernentite 
subdividing the 1natrix observed in a coarse lamellar 

steel. 



. 71 microns· 

LG, Transverse 

Fig. 19: Dislocation structure at the tips of discontinuous 

cementite plates. 
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. 67 microns 

SA, Transverse 

Fig. 20: Extensive tangled dislocation structures with less 
clearly defined sub cell walls observed in a fin e ly 

dispersed spheroidi zed steel. 
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SB, Transverse 

1. 2 microns 
t------1 

Fig. 21: Accumulation of dislocations near the cementite 

- - - par"ticles. 

85 



86 

. 42 microns 

SF, Longitudinal 

Fig. 22: Well defined cell walls seen in a coarsely disp er sed 

spheroidized steel. 



!21 1 Oirl?ction 

, 1.r microns 
Arrnco A, Longitudinal 

Direction A in the electron 
micrograph corresponds to 
dir ection B in the S. A. D .. 
Th e calibrated rotation an5le 
for this magnification is 9 • 

Fig. 23: Well defined cell walls near the high angle boundary. 
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. 57 n~icrons 

Armco A, Longitudinal 

Fig. 24: Well defined par a llel cell walls observed in 

Arn1co iron. 
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Fig. 31 
LA, Tensile tested at R. T., 

0 
impact fra c t ure at -196 C 
and etched 

Fig. 32 
SF, Tensile tested at R. T., 
impact fractured at -196°C 
and etched 

2. 3 microns 

4 . 9 microns 
1-------i 

Fig. 31 and 32 : Scanning electron micrographs of fractured surface in a 
method proposed by Tanaka et al. 
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Fig. 33 

LG, Longit-udinal 
Defor~ned up to the uniform 
ext ens ion at R. T. , polished 
and etched . 

Fig. 34 

SF, Longitudinal 
D eformed up to the uniform 
extension at R. T. , 
polished and etch ed. 

9. 2 microns 

---

6. 4 microns 

Fig. 33 and 34: Scanning electron micrographs a fter the uniform extension 
in lamellar and spheroidized steels showing some voids l eft. 
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A 

Arm .co B, Lon gitudinal 
Deformed up to the uniform 
extension at R. T., 
polished and etched 

B 

Armco B 
The san'l.e as above 

I 
16 . micron s 

~ 'i _ 

1ens1le Uwecti 

· ·j 16. microns 

Fig. 35: Scanning electron micrographs of fractur ed c ementite particles 
loca t ed at the grain boundary leaving no void b etween the fracture 

surfaces . 
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. 36 microns 

Fig. 36: A cementite plate showing steps made by shear slip during uniform 

extension or thin foil preparation. 
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